. This report is the third in a series to support this effort. The first (Armacost et al., 1994) identified a set of objectives (called "ends objectives") that characterize the ultimate goals and desires of Hanford decision makers and stakeholders. The second report (Keeney and von Winterfeldt, 1996) developed operational measures for these ends objectives (called "ends measures") and it also developed a set of performance objectives and associated performance measures that are more directly related to how well decision alternatives in the TWRS program perform to achieve the ends objectives.
Introduction
The Tank Waste Remediation System (TWRS) program has adopted a logical approach to making decisions that uses decision analysis to structure and analyze decision alternatives and public values to evaluate them. To incorporate public values into TWRS decision making, managers need to know how the performance of decision alternatives can be measured to reflect these values, and how to make tradeoffs, if these values are conflicting.
In the past, each new decision problem required development of a new set of values and measures and assessment of a new set of tradeoffs specifically tailored to this problem.
Given the similarity between TWRS decision problems, this "re-invention" of public values is not very practical. Therefore, the TWRS program initiated an effort to develop a consistent set of public values, associated measures, and value tradeoffs that could be used as a starting point for an analysis of most TWRS decision problems.
This report is the third in a series describing the results of this effort. The first report (Armacost, von Winterfeldt, Creighton, and Robershotte, 1994 ) assembled a large list of .public value statements fiom existing reports and it provided some structure to this value list. Most importantly, this report identified a set of "ends" values, that characterize the expressed ultisnate goals and desires of H d o r d decision makers and stakeholders.
The second report (Keeney and von Wmterfeldt, 1996) developed operational measures for these ends objectives. Realizing that it is often hard to actually provide estimates on these measures, this report also provided a set of "performance measures" that more directly relate how well a decision alternative in the TWRS program achieves its objectives. To bridge the gap between performance measures and ends measure, the report also drew qualitative relationships between the two types of measures.
The present report describes the development of quantitative value tradeoffs for both the ends measures and the performance measures. First, five national "value" experts were interviewed to obtain value tradeoffs for units of the ends measures identified in Keeney and von Winterfeldt (1996) . Second, the implied value tradeoffs for the units of the performance measures were calculated from the value tradeoffs for ends measures provided by the national experts. When calculating the value tradeoffs for units of the performance measures, simple quantitative relationships between ends and performance measures were assumed.
This report is organized as follows. In the Section 2, the ends and performance measures and their qualitative relationships are briefly reviewed, following Armacost et al. (1 994) and Keeney and von Winterfeldt (1 996) . Section 3 describes the process and results of interviews with five national value experts to develop value tradeoffs for units of the ends measures. Section 4 describes the logic and results of developing value tradeof% for the performance measures. Section 5 discusses the uses and limitations of the tradeoffs presented in this report for TWRS decision making.
Public Values and Measures
The main result of the report by Armacost et al. (1994) was a Iist of ends objectives that reflected the ultimate concerns of decision makers, the public, and specific stakeholders with Hanford clean-up. These ends objectives are:
Protect public/worker health and safety It is not easy to estimate the achievement of a given set of TWRS alternatives on some of these ends measures. For example, it is very difficult to estimate the long term public health effects of leaving low level waste on the Hanford Site. It is much easier to estimate the type and amount of waste left on site, which will be the major cause of potential long term health effects. Similarly, it is quite difficult to estimate the employment impacts of Hanford operations over the next 50 years, but it is much easier to estimate government expenditures at Hanford, which is the contributor to employment. To facilitate the ease of measurement, Keeney and von Winterfeldt proposed the use of a set of "performance measures" which have direct causal relationships to the ends measures, and which are much easier to measure. Total lifecycle cost (in 1996 dollars) The performance measures are causally related to the ends measures. Figure 1 shows these relationships in a quaIitative influence diagram. To interpret the figure, consider a For example, the amount of HLW shipped off site may affect, through high-level waste performance, long term public exposure and thereby the ends measures "Years of public lives lost" and "Years of public injury or illnesses." The amount of HLW also has implications, through shipping accidents, on all four ends measures related to public and worker health and safety. In addition, the amount of HLW shipped will have some implications on compliance and technology innovation.
Several performance measures have only one major implication on ends measures, e.g.
"Time to closure of tanks" which is only related to "Compliance." Note that Figure 1 only draws those relationships fi-om performance measures to the ends measures that are required to determine an alternative's performance on the ends measures. For example, the amount of HLW has significant cost implications as well as the others mentioned above. However, cost is already accounted for by mapping a direct relationship between the TWRS alternative and total lifecycle cost.
As stated above, working with per€ormance measures is typically much easier and more Obtaining tradeoffs for the ends measure is, in contrast, a relatively easy task. For example, many people would agree that a year of public life lost is more important than a year of a worker life lost, because members of the public are, in a sense, "innocent bystanders", while workers take the risks knowingly and with some compensation for taking them. Even if peoplk do not agree with this value judgment, they would fmd ways to reason about it, e.g., by arguing that a life is a life and that it should not matter whether the person is a worker or a member of the public.
Since tradeoffs for ends measures can be obtained more easily than tradeoffs for performance measures, it should be possible to first assess tradeoffs for the ends measures and then calculate back the "implied" tradeoffs for the performance measures.
For example, assume that one values the loss of one year of a worker life to be equivalent to the loss of $100,000. Further, assume that 1000 rems statistically cause the loss of a worker life, which, on average means losing 30 years of expected life. Then the 1000 rems should be valued the same as the loss of $3,000,000.
It is important to point out that for the purpose of these backward calculations of tradeoffs, one does not need to know the complete functional relationship between the performance measure and the ends measures. Assuming that the relationships are reasonably linear, it is sufficient to know the relationships at two points. Since zero impact on the performance measure means zero impact on the ends measures for all relationships, it is sufficient to find one point, e.g. how one unit on the performance measures translates into one unit on the ends measures. When a single performance measure affects many ends measures, it is usually reasonable to simply add the uuits across the ends measures.
To determine the tradeoffs for performance measures, four steps are therefore required:
1. Determine unit tradeoffs for the ends measures.
2.
Determine how many units of the ends measure results from one unit of the performance measure.
3. Multiply this number of units of the ends measure times the unit tradeoff of the ends measure to determine the contribution to the unit tradeoff of the performance measure to that ends measure.
4. When the performance measure leads to consequences in terms of several ends measures, repeat steps 1-3 and add up the resulting contributions to obtain the unit tradeoff for the performance measure.
Step 1 is a an important result in and by itself. The process of developing these unit tradeoffs for ends measures and the results are described in the next section, followed by a description of the calculation of the tradeoffs for the perforkwe measures (steps 2 to 4). The interviews were conducted by the authors, both separately (three interviews) and jointly (two interviews). The interviews typically lasted between one and one-half hours and two hours. The interviewer first introduced the purpose of the tradeoff elicitation and showed the expert the list of ends measures for which tradeoffs were to be assigned.
Development of Value Tradeoffs for Ends Measures
The interviewer also explained that the result of the assessment should be a set of tradeoffs expressed as equivalent dollar costs per unit of the ends measure. While this was always the end result of the interview, the actual tradeoff questions did not always directly ask for an answer to the question "How much money should society spend for a reduction of one unit of the ends measure?" Instead, in many cases, tradeoffs between non-monetary ends measures were established and the results were then used to calculate the implied unit cost tradeoffs.
To provide the expert with a perspective when making tradeoffs, the interviewer emphasized that these tradeoffs should be prescriptive, Le., they should reflect how the expert thought society should allocate its resources, not how specific organizations & allocate resources. One expert provided answers in terms of "politically appropriate" tradeoffs which accounts for some differences between the tradeoffs that he would have considered more reasonable for society as a whole. In other cases, specific ends values, especially those related to compliance and standards evoked spirited discussions about the appropriate tradeoffs. In all cases, these discussions were incorporated into the interview summary, so that both the ambivalence of the experts, the ranges of answers and the reasoning for different answers could be recorded. In addition, the interviewer asked for and recorded information that the expert would find useful in providing more informed answers to the tradeoff questions.
It is important to note that the intent of these interviews was to obtain a frrst-cut idea of appropriate value tradeoffs and suggestions to improve them. Hence, the discussion did Table 2 with the tradeoffs of expert A. This expert felt more comfortable with assessing value tradeoffs for years of worker sickness than for years of life loss. He assumed that all costs of sickness were paid for by insurance and that the worker would continue to draw a salary from the employer during the leave. He then directly assigned a value tradeoff of $10,000 per year of worker sickness, based on his assessment of a fair compensation for a worker for one year of illness. The expert also felt that one year of worker life lost was 10 times more important than one year of worker sickness. This led h i m to assign a value of $1 00,000 to one year of worker life lost. The expert also considered one year of public life lost or one year of public sickness to be somewhat more important than those of workers. By assigning a 30% higher value, he arrived at the corresponding tradeoffs of $130,000 per year of public life lost and $13,000 per year of public illness or injury.
Many of the other value tradeoffs of this expert are explained in column 3 of Table 2 . A few of these tradeoffs need more explanation. The expert assigned a high value tradeoff l i I What is the age of workers who Direct assessment assuming that sick workers are financially compensated by insurance.
A public life-year is weighted 1.3 times a worker life-year in XI.
Are sick workers compensated? How and how much?
What is the age of people who die?
A public year of sickness is weighted 1.3 times a worker year of sickness in X2. much?
Are sick members of the public compensated? How and how Direct assessment assuming there are no consequences to human health, but there are consequences to fish, agricultural uses of water, and psychiological impacts that cause human effects. Checks indicated this is equivilant to 300 years of worker life-lost and 600 acres permanently restricted because of waste storage.
Tradeoff set equal to acre value for x7.
A description of the discharge .
A description of the full consequences of the discharge .
Direct assessment assuming there The potential uses of the land, would always be at least one acre value of their uses, and the for storage. Hence, this value number of individuals interested tradeoff neglected the 'existence of in the uses. waste' value of eliminating that last acre.
I
The assessment assumes that the move provides an equivalent job. Value tradeoff is set equal to a year of worker sickness of X,.
Describe clearly the scenario that is meant by a worker forced to leave the area. $100,000
Direct assessment assuming this is slightly less important than a worker forced to leave the area in Xg.
Direct assessment assuming this is an acre not available accounted for in X, or X,. The value tradeoff assumes this acre is of interest to Native Americans, so the group of individuals not able to use the acre in larger than otherwise would be the case. Assumes acre is not a special site. The value is much less than the restriction of an acre because of groundwater contamination, as it is on top of that value.
Direct assessment plus logical check that the value is equivalent to 10 acres of Xlo. Assessment assumed less than 10 such sites exist and each is at most a few acres in size.
Direct assessment based on importance of showing respect for the law. This assumed that the violation was not intended, but that it would be publicly known that the violation occurred. ($30 million) to a discharge into the Columbia River, XI1, but he was unsure about the nature of the discharge. He made the assumptions that the discharge had no health effects, although there might be some effects on the flora and fauna, and the discharge might create fears and other psychological effects on people. He would assign higher tradeoffs, if the violation had health impacts, if programs would be delayed, fines imposed, etc.
Expert B's tradeoffs and the reasoning behind them are quite straightforward (see Table   3 ). He assigned large value tradeoff ($ 1 million) for one disturbed or inaccessible religious or archaeological site important to Native hericans. When making this tradeoff, he assumed that the site was significant, and that it would cost about $1 million to avoid impacting the site (e.g., by re-routing a planned road). He also assigned a very large value tradeoff ($100 million) to avoid one compliance violation, which he defined as one violation of a major Tri-Party Agreement (TPA) milestone (notice that this is a somewhat different definition of the unit for this measure than expert A's). His reasoning was that the management of the TWRS program would probably be willing to spend a si,dficant amount of money to avoid such a violation, perhaps as much as 10-25% of their annual budget. Expert B was one of the two experts (the other one being expert E), who assigned a tradeoff to technology benefits. He stated that the "spin-off' benefits from technologies are oRen highly exaggerated, especially for specialized technologies like those involved in Hanford clean-up. He therefore assigned a value of about 10% of the direct benefits to the benefits of technology transfer and spin offs.
The issue of the proper definition of a unit for performance measure X5 (discharges into the Columbia River exceeding the clean water standard] came up again with expert C (Table 4) , who felt that the value tradeoff would depend tremendously on the nature of the discharge. At one extreme, ifthere were serious consequences, he would assign as much as $20 billion to this discharge. If, on the other hand, the discharge was not serious, he would assign a value tradeoff of only $1 million. Since the spirit of the performance measure is to capture the latter event (the former being captured in the health measures), the lower tradeoff was carried further into the analysis. The realities of our economy is that some people need to move to find jobs. Assumes 6 months without job, but with social benefits.
How long is the worker forced to leave the area without a job?
ic. Table 5 . Expert E's tradeoffs are explained in column 3 of Table 6 . He also stated that the spin-off benefits of a major technology should be counted as a percentage of the direct benefits.
He assigned $50,000 to the spin-of€ and technology transfer benefit of one major technology with significant direct benefits to Hanford. However, "si&icant direct benefits" were not further defmed in the interview. He also stated that it would be reasonable to assign the technology spin off and transfer benefit to be a percentage of the direct benefits, but did not state any specific percentage. Assuming that significant direct benefits are $1 million, the assigned tradeoff of $50,000 implies a 5% transfer and spinoff benefit, or $5 million for a technology with $100 million direct benefits. The assessment assumes that the move provides an equivalent job. Value tradeoff is set equal to a yea of worker sickness of X,.
C. Useful Information
What is the age of workers who iie?
4re sick workers compensated? 3ow and how much?
What is the age of people who lie?
Are sick members of the public zompensated? How and how much?
. A description of the discharge.
A description of the full consequences of the discharge.
0
The potential uses of the land, value of their uses, and the number of individuals interested in the uses.
Describe clearly the scenario that is meant by a worker forced to leave the area. The value is equivalent to 10 acres of Xl0. Assessment assumed less than 10 such sites exist and each is at most a few acres in size.
Direct assessment based on importance of showing respect for the law. This assumed that the violation was not intended, but that it would be publicly known that the violation occurred.
Simple reasoning ~ ~~
Be specific about the details of the job created.
The Native Americans should be asked these tradeoffs. Information about their reasoning would be useful. On the other measures, the experts tradeoffs show fairly large differences. First, regarding discharges in the Columbia River, the high value tradeoff by expert A ($30 million) is 30 times higher than the low value tradeoff. This probably reflects differences in the scenarios of this discharge that the experts assumed rather than differences in values.
Second, there is a fair mount of disagreement on how to value a restricted acre gC, and X,). It appears that the experts that assigned low value tradeoffs (C and D) thought primarily of the commercial value of the land, while the experts that had high value tradeoffs thought more of intrinsic values and possibly the concerns that would be raised with these restrictions. There also are si,pificant differences on the value tradeoff for a disturbed religious or archeologicd site with tradeoffs ranging from $100,000 to $5,000,000. These differences seem to reflect differences in the assumptions about the significance of the site rather than true value differences (recall that one expert would increase his tradeoff to $100 million, if the site was truly signifcant and previously undisturbed). The large range of vdue tradeoffs for a compliance violation is similarly due to different assumptions about the nature of the violation.
Overall, the rounded geometric averages appear to be a very reasonable starting point for a base case value analysis. With additional work on clarifying the d e f~t i o n s of several performance measures and their units, it should be possible to obtain closer agreement among experts.
Development of Value Tradeoffs for Performance Measures
The general logic of calculating tradeoffs for performance measures from tradeoffs for ends measures was explained in Section 2. The specific calculations can best be explained with the example results in Table 8 . In this table the value tradeoff for one unit (1 000
person-rems) of the performance measure "Worker Exposure, Normal Operations" is calculated. Recall that this performance measure is related to three ends measures: First, implied tradeoffs for the performance measure unit (PMU = 1000 rems) are calculated from the expressed tradeoffs for each of the three ends measure units (EMUS).
For years of worker lives lost, the EMU is one year (column 2 of Table 8 ). Assuming that 1000 person-rems is equivalent to one statistical fatality, and that one worker fatality reduces the average life expectancy by 30 years, 1000 person-rems cause 30 lost worker years to be lost. This result is shown in column 3 of Table 8 labelled EMU per PMU.
Now all one has to do is multiply the value tradeoff for the PMU ($100,000 per lost year) by the EMU/PMU ratio (30) to obtain the equivalent value tradeoff for one PMU unit ($3,000,000).
A similar reasoning is applied to the second ends measure (years of worker sickness or injury) that is affected by the 1000 rems. Here we assumed that 1000 person-rems cause five cancer illnesses, and that each of these illnesses lasts five years -without leading to death. As a result, the EMUPMU ratio is 25, and the implied value tradeoff for 1000 r e m of worker exposure is 25*$20,000 = $500,000.
To illustrate a quite different reasoning process, consider the third ends measure, compliance, that is affected by the performance measure of worker exposure. The unit of the ends measure is one violation of a major TPA milestone, such as the date for completion of interim stabilization. In this case we assume that a hypothetical exposure of 5000 person-rems over the life of operations would likely involve one violation of a worker standard. We further assume that this violations would be 25% as serious as violating a major P A milestone. Thus 1000 rems would be 5% as serious as a violation of a major TPA milestone. This result is shown in column 2 of Table 8 as the EMUPMU ratio of 5%. One violation of a major TPA milestone had a value tradeoff of $2,000,000. Thus, 5% of this tradeoff ($100,000) is the contribution of compliance to the value tradeoff of a 1000 person-rems worker exposure.
The last step in this calculation is to add the three contributions to value tradeoff from the three ends measures. This results in an aggregate value tradeoff of $3,600,000 per 1000
person-rems of worker exposure. Note that this addition assumes that the components contribute independently to the overall value tradeoff.
In spite of the many assumptions made in the calculation of the value tradeoff for worker exposure, the results are not dissimilar from studies of over a decade ago which postulated a tradeoff of $1000 per person-rem (or $1 million per 1000 rems). Adjusting the $1000
per person-rem tradeoffs for inflation and including the compliance component would lead to very similar results to those in Table 8 . Tables 9 and 10 show the results of the calculation of tradeoffs for the performance measures "Worker Exposure, Accidents" and "Public Exposure, Accidents". The reasoning for the EMURMU ratio, which is very similar to that in the previous case, is described in the fourth columns of these tables. Notice that for accidents we assume that 40 years are lost for a fatality. This is because accidents are likely to involve higher doses and lead to a development of cancer for younger adults, Table 1 1 shows the results for a more complex calculation of the value tradeoff for 1000 cubic meters of high level waste. This performance measure has implications for worker and public health and safety and technology benefits. The calculations for the work health and safety implications can best be illustrated with the impacts on years of public life lost. There are two components to this. The first is through transportation accidents.
The second is due to long term radiological impacts from the nuclear waste repository over thousands of years. The Environmental Impact Statement for the Tank Waste
Remediation System (TWRS-EIS, Department of Energy, 1996) , as well as other risk assessments of the nuclear waste repository indicate that the public radiological impacts due to 1000 cubic meters of HLW will be minimal. They are therefore ignored in this of that direct benefit should be counted as technology transfer and spin off benefits.
Using figures from the TWRS-EIS, we estimate that the cost of treatment and disposal of 1000 cubic meters of HL.W is about $500 million. Assuming M e r that this expense is worth the benefits, we assign a direct benefit to eliminating 1000 cubic meters of €E W of $500 million. Since this is five times the benefit of the unit definition of the technology innovation benefit measure, the EMUPMU ratio is 5 . Multiplying this ratio with the $7 million value tradeoff for the ends measure unit, we obtain a value tradeoff of $3 5 million for 1000 cubic meters of HLW.
Similar reasoning is applied to the remaining Tables 12-15. CIeariy some assumptions in these calculations are more easy to defend than others. For example the translations fkom rems to fatalities and illnesses is fairly straightforward. On the other hand, there are many critical assumptions that need to be examined more closely. For example, one assumption in Table 12 was that 1000 cubic meters of low level waste disposed of at the Hanford site lead to a very small (0.001) chance of causing an exceedance of a clean water standard over the life-time of the disposal. This assumption was made primarily for The results of the calculations of the value tradeoffs for the performance measures are summarized in Table 16 . Overall, one should have more confidence in the value tradeoffs for the ends measures (Table 7) , since they were obtained directly, without making many assumptions about the relationships between performance and ends measures. Thus, we suggest that the results in Table 16 be considered as very preliminary.
Uses and Limitations of the Value Tradeoffs
The TWRS program has developed a systematic approach to making decisions that involves the following steps (see Robershotte et al., 1995) : 
7)
Present the results to the decision body Previous reports (Armacost et al., 1995; Keeney and von Winterfeldt, 1996) have developed values, objectives and measures to assist decision makers and specialists in steps 4 and 5. This report is to provide help in step 6.
Step 6 consists of two very Often this summary is sufficient for decision making, for example, when it becomes clear that one alternative is best on all or almost all measures. Sometimes the implications are not so clear and difficult tradeoffs need to be made. In that case, it is useful to develop a formal evaluation model that aggregates the information about alternatives across objectives. All value models that aggregate across objectives require the use of value tradeoffs. In the past, these value tradeoffs were elicited from decision makers and, in some cases, fiom stakeholders, separately for each decision problem.
This report began the development of a set of tradeoffs that can consistently be applied to a variety of TWRS decisions. The report provides two sets of tradeoffs: For units of ends measures ( Table 7) and for units of performance measures (Table 16 ). These tradeoffs should be considered preliminary, subject to further elicitations and analysis.
However, they provide a starting point for building a value model and to conduct sensitivity analyses with it.
To use the tradeoffs, the analyst who supports the decision maker has to first decide whether to work with the set of ends measures or with the set of performance measures to evaluate alternatives. In most cases, this choice will depend on the available information and the resource constraints of the analysis. With less information and less resources, using performance measures is the more practical and economic choice.
The analyst then has to assemble the information about the alternatives in the form of an alternatives by objectives matrix. Making the simpli@ing assumption that all measures are linearly related to the overall decision value, an alternative Aj can then be evaluated by C(Aj) = Z Wi*Ci(Aj), where C(AJ is the overall equivalent cost (negative value) of alternative Aj, wi is the tradeoff for one Unit of the i-th measure from either Table 7 or Table 16 , and ci(Aj) is the estimate O f Aj expressed in units of the i-th measure. Subsequently, the alternatives are rank ordered in terms of overall equivalent cost, w i t h the alternative having the lowest equivalent cost being best.
While the tradeoffs in Tables 7 and 16 are a starting point for this evaluation, several caveats need to be stated combined with suggestions for improvements. Regarding tradeoffs for ends measures:
Caveat: These tradeoffs were based on the judgments of five experts who have thought deeply about value issues, risk issues, and environmental issues, Yet, they do not necessarily represent all experts in this area and they certainly do not represent all the groups that may have an interest or stake in the implications of decisions about Hanford.
Recommendation: A broader range of experts should be involved in eliciting value tradeoffs as well as groups of non-experts. The experts themselves stated that on some issues they felt that others (e.g. Native Americans) were better judges of the value tradeoffs.
Caveat: The experts in the tradeoff elicitation often stated that they needed more information to make an informed judgment. In some cases assumptions were made to substitute for this information. The tradeoffs that we obtained are only as valid as these assumptions.
Recommendation: The measures and their units should be more clearly defined to provide a common base for making tradeoffs. Also information about the severity of some of the consequences (for example of a toxic spill into the Columbia River) should be described to assist in the tradeoff assessment.
-Caveat: In some cases the experts' value tradeoffs are different because they used different assumptions and definitions.
Recommendation: A common set of d e f~t i o n s and assumptions should be developed, to assist the tradeoff assessment.
Regarding tradeoffs €or performance measures, the following caveats and recommendations are important:
-Caveat: The calculations of tradeoffs for performance measures used many strong assumptions about the relationships between a performance measure and an ends measure and the results are only as valid as these assumptions.
Recommendation: These assumptions should be checked, using existing models and knowledge about the relationships between performance and ends measures. The assumptions about the reIationships should be revised as appropriate.
Caveat: The calculation of tradeoffs for performance measures assumed that the overall tradeoff for a unit in a performance measure is additive across ends measures. This may not necessarily be true.
Recommendation: The additivity assumptions needs to be checked carefully with existing models and data that relate performance measures to ends measures. Revisions should be made where appropriate.
-Caveat: The calculations of tradeoffs for performance measures was not independently checked against some other method for assessing tradeoffs on performance measures.
Recommendation: It would be desirable to assess tradeoffs on performance measures directly fiom experts and to compare and reconcile the results with the calculated ones.
